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Currently there is a growing interest in studying the coherent interaction between magnetic sys-
tems and electromagnetic radiation in a cavity, prompted partly by possible applications in hybrid
quantum systems. We propose a multimode cavity optomagnonic system based on antiferromag-
netic insulators, where optical photons couple coherently to the two homogeneous magnon modes
of the antiferromagnet. These have frequencies typically in the THz range, a regime so far mostly
unexplored in the realm of coherent interactions, and which makes antiferromagnets attractive for
quantum transduction from THz to optical frequencies. We derive the theoretical model for the
coupled system, and show that it presents unique characteristics. In particular, if the antiferromag-
net presents hard-axis magnetic anisotropy, the optomagnonic coupling can be tuned by a magnetic
field applied along the easy axis. This allows to bring a selected magnon mode into and out of a
dark mode, providing an alternative for a quantum memory protocol. The dynamical features of
the driven system present unusual behavior due to optically induced magnon-magnon interactions,
including regions of magnon heating for a red detuned driving laser. The multimode character of
the system is evident in a substructure of the optomagnonically induced transparency window.
Introduction.– The interaction between light and mag-
netism at the quantum level holds promise for future in-
formation technologies. In seminal recent experiments,
the coherent coupling of magnons (the spin-wave quanta)
to optical photons has been demonstrated in solid state
optomagnonic cavities [1–3]. These are dielectric mag-
netic structures capable of simultaneously confining light
and magnons, providing an enhancement of the magnon-
photon coupling and enabling the study of cavity effects
in a new platform. Magnons in these structures exhibit
good coherence properties and tunable frequencies, and
can couple strongly to microwave (MW) cavity fields [4–
10]. Quantum memories [11–18] or transducers allowing
for coherent information transfer between MW and op-
tics are envisioned applications [19, 20].
Exciting developments have also emerged very recently
in the THz regime, a frequency range which has been
historically challenging due to the absence of efficient
sources and detectors (the “THz gap”) [21]. Strong light-
matter coupling in the THz regime has been achieved
employing cavities [22–24], including strong coupling to
magnons in antiferromagnets (AFM) [25, 26], opening
the door for quantum applications in the THz domain.
Antiferromagnetic materials support magnons that can
be described as excitations of a spin anti-aligned ground
state (the Nèel state) [27]. Their frequencies are typi-
cally in the THz range, making AFMs ideal candidates
to incorporate in THz platforms [28–31]. The physics
of AFMs in combination with electromagnetic cavities is
just starting to be explored. Besides the mentioned ex-
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Figure 1. (a) Schematics of the antiferromagnetic opto-
magnonic cavity. The homogeneous magnon modes αˆ and βˆ
with frequencies ωα,β and decay rates Γα,β couple to a cavity
mode cˆ with frequency ωc and decay rate κ. (b) Pump-probe
scheme: Ωm, ωc, ωd, ωp, magnon, optical cavity resonance,
drive, and probe frequencies respectively. The detuning of the
drive is ∆ = ωd − ωc, and ω = ωp − ωd.
periments in the THz regime [25, 26], strong coupling
between MW photons and AFM magnons has been re-
ported [32], while magnon dark modes [33] and coupling
to ferromagnets [34] via a MW cavity have been proposed
theoretically. In turn, methods involving light to probe
and control AFMs are being developed [35, 36]. These
developments are a great incentive to study the coupling
of AFM magnons to optical cavities, which could lead to
quantum transducers from the THz to the optical regime.
In this letter, we propose a cavity optomagnonic
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2system based on an antiferromagnetic insulator, see
Fig. 1. Optomagnonic cavities have been investigated so
far exclusively within the scope of ferromagnetic (FM)
magnons with GHz frequencies, both experimentally [1–
3, 37–39] (although the material of choice Yttrium Iron
Garnet (YIG) is a ferrimagnet, one sublattice has a much
larger spin and is dominant) and theoretically [40–47].
We show that for an AFM new phenomenology emerges.
We derive the Hamiltonian governing the system and
show that, in the presence of hard-axis anisotropy, the
optomagnonic coupling to both supported homogeneous
magnon modes can be tuned by an external magnetic
field. In particular, we show that the magnon modes
can be selectively decoupled from the cavity, rendering
them dark. This is unique to AFM cavity optomagnonics.
Based on this tunability, we sketch a quantum memory
protocol. We further characterize the dynamical response
of the system and show that the cavity-mediated interac-
tion between the AFM magnon modes leads to unusual
optically induced magnon cooling and heating.
Model.– We consider an AFM insulator with two mag-
netic sublattices A and B of opposite spin. The AFM
hosts two homogeneous magnon modes α and β, see
Fig. 1, and we assume it acts also as an optical cavity
by total internal reflection, analogous to dielectric op-
tomechanical [48] or optomagnonic [1–3] cavities. AFMs
with a high index of refraction and low absorption in the
optical range, such as NiO (n ≈ 2.4) [49] would serve the
purpose, or heterostructures containing MnF2 (n ≈ 1.4)
[50] or FeF2 (n ≈ 1.5) [51]. The Hamiltonian of the cou-
pled system is
Hˆ = Hˆph + HˆAFM + HˆOM , (1)
with Hˆph and HˆAFM the free photonic and AFMHamilto-
nians, respectively. HˆOM contains the coupling between
the AFM magnons and the cavity photons, and is our
main result in this section.
The quantized optical field in the cavity is Eˆ(r, t) =
1/2
∑
ξ
(
Eξ(r)cˆξ(t) +E
∗
ξ(r)cˆ
†
ξ(t)
)
with cˆ(†)ξ annihilation
(creation) operator of mode ξ with resonance frequency
ωξ, hence Hˆph = ~
∑
ξ ωξ cˆ
†
ξ cˆξ. HˆAFM consists of (i)
the exchange interaction between nearest-neighbor spins
J
∑
〈i 6=j〉 Sˆi · Sˆj (J > 0), (ii) the Zeeman interaction
between spins and an external DC magnetic field B0
along ez, |γ|B0
∑
i Sˆ
z
i (γ gyromagnetic ratio), and (iii)
easy −K‖2
∑
i (S
z
i )
2 (K‖ > 0) and hard K⊥2
∑
i (S
x
i )
2
(K⊥ ≥ 0) axis anisotropy in the ez and ex direc-
tions respectively. For small magnetization fluctuations
around the Nèel ordered state, the Holstein-Primakoff
(HP) transformations [52, 53] can be used to express
HˆAFM in terms of bosonic operators aˆk and bˆk associ-
ated with the sublattices A and B. To first order, the
HP transformations are given in terms of spin ladder
operators as Sˆ+A(B) =
√
2S/N
∑
k e
−ik.xi aˆk(bˆ
†
k), where
N is the total number of sites per sublattice and S the
spin on each site. HˆAFM is diagonalized via a 4D Bo-
goliubov transformation to the bosonic operators αˆk =
uα,aaˆk + vα,bbˆ
†
−k + vα,aaˆ
†
−k + uα,bbˆk and βˆk = uβ,aaˆk +
vβ,bbˆ
†
−k+vβ,aaˆ
†
−k+uβ,bbˆk (see Sup. Mat. [54]): HˆAFM =
~
∑
k
[
ωαkαˆ
†
kαˆk + ωβkβˆ
†
kβˆk
]
, with ωα,βk the respective
eigenfrequencies. We restrict our analysis to the two ho-
mogeneous (k = 0) AFM magnon modes, hence from
now onwards we drop the index k. The corresponding
magnon frequencies ωα,β are functions of the character-
istic frequencies ωE = ~JSN , ω‖,⊥ = ~SNK‖,⊥, and
ωH = |γ|B0: ω2α(β) = ω2H + ωEω⊥ + 2ωEω‖ + ω⊥ω‖ +
ω2‖±
√
ω2Eω
2
⊥ + 4ωEω
2
H(ω⊥ + 2ω‖) + ω
2
H(ω⊥ + 2ω‖)2 [34,
55, 56]. Note that ωα ≥ ωβ and hence α (β) labels the
upper (lower) mode. Whereas ωα increases with the mag-
netic field, ωβ decreases and goes to zero at the onset of
the spin-flop phase at ωH = ωSF ≈
√
2ωEω‖ [57].
The interaction between light and magnetization is
described by the magneto-optical coupling HOM =∑
µ,ν
∫
drE∗µ(r)εµν(Sr)Eν(r)/4, where εµν (µ, ν =
x, y, z) is the spin-dependent part of the permittivity ten-
sor. In this letter we consider simple cubic and rutile-
structure AFMs, other more complex structures will be
considered elsewhere. For these materials, within linear
response in the deviations from the magnetic equilibrium,
HOM reduces to [54, 58, 59]
HOM = K+V
4N
∑
i∈A,B
(
P+i S
i
− − P−i Si+
)
(2)
+
K−V
4N
[∑
i∈A
(
P+i S
i
+ − P−i Si−
)−∑
j∈B
(
P+j S
j
+ − P−j Sj−
) ]
,
where we have discretized the interaction and P±i =
E∗z (ri)E±(ri)−E∗∓(ri)Ez(ri), with E± = Ex ± iEy and
S± = Sx± iSy. The linear magneto-optic coefficients K±
correspond to processes in which the two sublattices scat-
ter the light in-phase (+) or out-of-phase (−). For our
purposes, one-magnon processes coming from quadratic
terms in the spin (e.g. ∝ SˆzSˆ±) can be absorbed in the
definition of K±. This model applies e.g. to the uniaxial
AFMs MnF2 or FeF2 [60, 61], and for the simple cubic
AFM NiO for which K− = 0.
We obtain the optomagnonic coupling Hamiltonian
HˆOM by quantizing Eq. (2) assuming that the electric
field varies smoothly, such that P±i ≈ P±j for nearest
neighbors. We focus on the interaction between the ho-
mogeneous AFM magnon modes αˆ and βˆ with a single
optical mode cˆ with frequency ωc. For an optical mode
with circular polarization in the yz plane, from Eq. (2)
we obtain [54]
HˆOM = −~Gcˆ†cˆ(gααˆ† + gβ βˆ† + h.c.), (3)
with (ε is the AFM dielectric constant)
G =
ωcK+
8ε
√
2S
N
. (4)
3The AFM optomagnonic coupling depends on the Bogoli-
ubov coefficients through
gα(β) =
(
u+α(β) + v
+
α(β)
)
+K
(
u−α(β) + v
−
α(β)
)
(5)
where K = K−/K+ quantifies the intrinsic magneto-
optical asymmetry between the sublattices, and we have
defined u±α(β) = ua,α(β) ± ub,α(β) and v±α(β) = va,α(β) ±
vb,α(β). Hence, the two AFM magnon modes αˆ and βˆ
couple, in general, with different strength to the cavity
mode.
Optomagnonic Coupling.– The constant G describes
the coupling to the magnetization’s fluctuations sector
and is consistent with the one derived in Ref. [44]
for the optomagnonic coupling in a ferromagnetically
ordered system. Assuming equivalent sublattices with
Faraday rotation per unit length θF, then K+ =
c
√
εθF/(ωcS) (with c the speed of light) and thus G =(
1/
√
2NS
)
(cθF/4
√
ε). The 1/
√
N dependence indicates
that the density of excitations is relevant for the coupling,
favoring small magnetic volumes. Due to the lack of
data on absolute values for K+ (or θF) for simple AFMs,
we take as an estimate for G the value for (1µm)3 YIG
(diffraction limit volume), GYIG = 0.1MHz [44]. Some
measurements indicate that the Faraday rotation coef-
ficient in AFMs can be quite large, e.g. similar values
as for YIG have been reported for BiFeO3 [62]. Note
that G given in Eq. (21) assumes perfect mode match-
ing. Imperfect mode overlap can be accounted for by a
mode-volume ratio factor [44] and it is responsible for a
suppression of the coupling in current experiments with
YIG [19, 63]. The second term in Eq. (5) gives a contri-
bution proportional to KG and describes the coupling to
fluctuations of the Nèel vector. Typical values of K are
K ≈ 0.01 (e.g. for MnF2 or FeF2 [60]).
The reduced couplings gα,β can be found analytically,
but the general solution is lengthy. Simple expressions
can be given in certain cases. Since the exchange energy
is usually the largest energy scale in the AFM, the condi-
tion ω⊥,‖  ωE holds. For an easy-axis AFM (ω⊥ = 0),
we obtain [54]
gω⊥=0α,β ≈
(
ω‖
2ωE
)1/4
±K
(
2ωE
ω‖
)1/4
. (6)
Eq. (6) is independent of the magnetic field B0, a con-
sequence of the axial symmetry of the system in this
case [54]. In the absence of magneto-optical asymme-
try (K = 0) both modes couple equally to the light
field, while for finite K, gω⊥=0α (g
ω⊥=0
β ) increases (de-
creases) linearly. If the condition K =
√
ω‖/2ωE is met,
gω⊥=0β = 0 and β is a dark mode, completely decou-
pled from the cavity. Whereas this requires fine tun-
ing, it could be achievable in cold atoms realizations
where the relevant parameters can be tuned [64–68]. The
situation nevertheless changes in the presence of hard-
axis anisotropy, where the coupling to the modes can be
0 0.02 0.04
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Figure 2. Reduced optomagnonic coupling coefficients gα and
gβ , as a function of external bias magnetic field (as ωH/ωE)
and of the magneto-optical asymmetry K. Parameters: (a)
ω‖/ωE = 1.3 × 10−5, ω⊥/ωE = 7.6 × 10−4 (NiO [71]); (b)
ω⊥/ωE = 1.3× 10−5, ω‖/ωE = 7.6× 10−4.
tuned externally by the magnetic field as we show below.
From Eq. (6) we obtain gMnF2α,β ≈ 0.5, 0.4 (ωE = 9.3 THz,
ω‖ = 0.15 THz, K = 0.007 [60, 69]) and gFeF2α,β ≈ 0.6, 0.7
(ωE = 9.5 THz, ω‖ = 3.5 THz, K = 0.01 [59, 70]).
In the absence of a magnetic field, HˆAFM is invariant
under aˆk ←→ bˆ−k. For finite hard-axis anisotropy (ω⊥ 6=
0), imposing this symmetry we obtain [54]
gωH=0,ω⊥ 6=0α = 2K (uα,a − vα,a) ,
gωH=0,ω⊥ 6=0β = 2(uβ,b − vβ,b) ,
and hence for K = 0 αˆ is a dark mode (gα = 0) while βˆ
is independent of K. The case ω⊥ = B0 = 0 is however
pathological, since αˆ and βˆ are degenerate. Then Eq. (6)
holds, with gα = gβ 6= 0 (the Bogoliubov coefficients
present a discontinuity at ω⊥ = 0).
Fig. 2 shows |gα| and |gβ | as a function of B0 and K
for representative finite anisotropy values ω⊥ and ω‖. In
Fig. 2 (a) we took these as for NiO [71], and in Fig. 2 (b)
we exchanged them such that ω‖ > ω⊥. In both cases
the coupling strengths gα,β can be tuned by B0, although
with some qualitative differences. For K = 0 the α-mode
can be tuned from dark to bright by increasing B0, with
a slow linear increase for ω‖ < ω⊥ and rapidly but sat-
urating for ω‖ > ω⊥. For both cases there is a thresh-
old Kth such that for K > Kth, there exists a finite B0
for which the β-mode is rendered dark (gβ = 0). In
the regime considered for Fig. 2, gα,β < 1 for all fields,
since the maximum B0 is limited by the spin-flop tran-
sition. This suppresses the corresponding optomagnonic
coupling (Ggα,β). gα increases nevertheless rapidly with
K, so materials with a larger magneto-optical asymme-
try would be favorable for larger coupling values. Our
calculations indicate that K & 0.1 would be sufficient for
gα > 1 [54].
A figure of merit for determining the strength of the
coupling is the cooperativity [48]. Taking G = 0.1MHz
as noted above, and typical values for the magnon
(Γ ≈ 1GHz [72, 73]) and optical cavity decay rates
(κ ≈ 100MHz [1]), for gα,β = 1 we obtain a single-photon
cooperativity C0α,β = 4G2g2α,β/Γκ ≈ 4× 10−6. For an es-
timated maximum photon density of 105/µm3 allowed in
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Figure 3. (a) Effective linewidth (left) and frequency shift
(right) of the magnon modes vs. detuning ∆/ωα for near
degenerate modes and (inset) well separated modes. The
highlighted area indicates an unusual amplification region
in the red detuned regime. (b) Frequency scheme for near
degenerate and well separated frequencies. The red arrow
indicates indirect magnon-magnon interactions, more rele-
vant in the near-degenerate case. Parameters for MnF2 and
Γ/ωE = 1.6× 10−4, κ/ωE = 3.7× 10−3, ωH/ωE = 5.4× 10−3
for the main figures and ωH/ωE = 3.2× 10−2 for the inset.
the cavity [44], the cooperativity Cα,β = ncC0α,β (with
nc = 〈cˆ†cˆ〉 steady state number of photons circulating in
the cavity) could be therefore tuned into the strong cou-
pling regime (Cα,β > 1) by reaching gα,β > 1. Improved
cavity and magnon decay rates would boost this value
further. In this regime, magnons and photons hybridize
and coherent exchange of information is possible.
Dynamical Response.–We now consider a cavity driven
by a strong control laser with amplitude sd and frequency
ωd, and a weak probe laser with amplitude sp and fre-
quency ωp, see Fig. 1. Correspondingly, we add a driving
term HˆD = i~√ηκ(cˆ†ξsin + H.c.) to the Hamiltonian in
Eq. (1), where sin = sde−iωlt + spe−iωpt. The total loss
rate of the optical cavity is κ = κex + κ0, where κex and
κ0 correspond to the loss rates due to external coupling
and intrinsic dissipation, respectively. The coupling effi-
ciency η = κex/κ0 is adjustable in experiments [74, 75].
The cavity leads to the modification of both the
magnon resonance frequency and the magnon damping.
Both effects are quantified through the magnon self en-
ergy, which also includes a cavity-mediated coupling be-
tween the two magnon modes. This term becomes rele-
vant in the strong coupling regime (gj
√
nc > Γj , κ, with
j = α, β and Γj the magnon linewidth of mode j) for
near degenerate magnon modes |ωα−ωβ | < Γj , see Sup.
Mat. [54]. Together with hybridization effects [76–78]
and counter-rotating terms that cannot be neglected in
this regime, the optically induced magnon-magnon inter-
action is responsible for unusual behavior, for example
amplification in the red detuned regime, see Fig. 3. The
AFM cavity provides a unique platform to probe such
regimes for materials that exhibit degenerate modes at
zero magnetic field (such as MnF2), since |ωα − ωβ | can
be tuned via an external magnetic field.
We turn now our attention to the transmission and
reflection properties of the AFM optomagnonic cavity.
Following the standard procedure (see Sup. Mat. [54])
we obtain the cavity mode spectra δc[ω] in the frame
rotating at the control light frequency
δc[ω] =
(1 + F (ω))
√
ηκδsin[ω]
−i(∆˜ + ω) + κ2 − 2i∆˜F (ω)
, (7)
where ω = ωp−ωd is the pump-probe detuning, ∆˜ = ∆+
2G(gαRe[〈αˆ〉] + gβRe[〈βˆ〉]) is the renormalized detuning
due to the magnon induced cavity frequency shift with
〈jˆ〉 = iGgjnc/ (iωj + Γj/2) (for j = α, β), and F (ω) =
Σ(ω)/(i(∆˜− ω) + κ/2) with the photon self-energy term
Σ(ω) = Σα(ω) + Σβ(ω) given in terms of
Σj (ω) =
[
G2|gj |2nc
−i (ωj + ω) + Γj2
− G
2|gj |2nc
i (ωj − ω) + Γj2
]
. (8)
The transmission and reflection spectra are obtained
from Eq. (7) by using the input-output boundary con-
ditions δcout(ω) = δcin(ω) + (κex/2)
1/2
δc(ω). In Fig. 4
we plot the reflection spectra for the fast-cavity regime
(Γ < gαG
√
nc < κ and for simplicity we assume Γα =
Γβ ≡ Γ). Due to destructive interference between the
up-converted control field and the probe field, an op-
tomagnonically induced transparency (OMIT) window
opens in the transmission spectrum around the corre-
sponding magnon resonance. In the near degenerate
regime, depicted Fig. 4 (a) for representative parame-
ters of MnF2 (easy-axis AFM), the OMIT window has
an additional structure due to the closeness of the α and
β modes’ sidebands. Increasing B0 increases |ωβ − ωα|
(but has no effect on the optomagnonic coupling, see
Eq. 6) and the usual OMIT behavior is recovered. In
Fig. 4 (b) we show results for representative parame-
ters of NiO (finite hard-axis anisotropy), for which the
magnon frequencies are well separated even at zero mag-
netic field. In this case the OMIT behavior can be tuned
by B0 through the optomagnonic coupling, see Fig. 2.
η = 0.25 Γm = 1.5 × 10−3THz = 1.5GHz κc = 35 × 10−3THz = 35GHz
For both cases,{I am not sure if magnon loss in MnF2 is same as NiO, But I assumed!!}
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Figure 4. Reflection spectra for a red detuned control laser as
a function of the probe-pump detuning ω for a material with
(a) degenerate magnon modes at zero magnetic field and (b)
non-degenerate modes. Parameters: η = 0.25, κ = 3.5 ×
10−2 THz, Γ = 1.5 × 10−3 THz, (a) parameters for MnF2
and G
√
nc/ωE = 4.0 × 10−3; (b) parameters for NiO and
G
√
nc/ωE = 1.8× 10−3.
5Finally, the dark-to-bright tunability of the magnon
modes can be used for a quantum memory proto-
col. Driving the system with a strong control red de-
tuned laser, the cavity-magnon coupling can be con-
trolled by B0 such that the (linearized) Hamiltonian is
∼ g(t)(δcˆ†αˆ + δcˆαˆ†) [48]. An arbitrary initial cavity
state can then be stored in the magnon mode by bring-
ing g(t) from its initial value g0 to g(T ) = 0 such that∫ T
0
dtg(t) = pig0 (analogous to a pi-pulse protocol [79]).
This swaps the state of the cavity with the magnon mode,
which is then rendered dark for t > T . The state can
be transferred with high fidelity for strong coupling and
T  1/κ, and stored up to the magnon lifetime. Al-
ternatively, the OMIT could be employed, in a similar
fashion to memories implemented in cold atoms [80–84].
The AFM permits to tune the OMIT window via B0,
allowing a broad bandwidth storage.
Conclusions.–We proposed a solid state optomagnonic
cavity system in which optical photons are coupled to
long wavelength AFM magnons and derived its governing
Hamiltonian and dynamical features. We showed that
the AFM system presents unique characteristics, such
as tunability of the coupling with a magnetic field, and
unusual dynamical effects due to cavity-induced inter-
actions between the two homogeneous magnon modes.
We estimated the values for the coupling and showed
that, although challenging, the strong coupling regime
could be reached in micron sized single-domain AFMs
cavities [85, 86]. AFMs optical cavities could therefore
provide a new platform to study light-matter interaction,
and possibly a new tool to probe AFMs due to the en-
hanced light-magnon coupling. The tunability with a
magnetic field, in particular for tuning a magnon mode
from dark to bright, shows promise for quantum proto-
cols for quantum information storage and retrieval. The
coherent coupling of THz magnons to optical photons
could allow the implementation of a quantum transducer
[87]. In this first work we focused on one-magnon pro-
cesses, two-magnon processes will be treated elsewhere.
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SUPPLEMENTAL MATERIAL
A. Antiferromagnetic Hamiltonian
For completeness we present here how to diagonalize
the antiferromagnetic Hamiltonian
HˆAFM = ~
∑
〈i 6=j〉
J Sˆi · Sˆj+~ |γ|B0 ·
∑
i
Sˆi (9)
−
~K‖
2
∑
i
(
Sˆiz
)2
+
~K⊥
2
∑
i
(
Sˆix
)2
,
following Ref. [34]. Considering small fluctuations
around equilibrium, which we set to be in the ez direc-
tion, the spin ladder operators Sˆi± = Sˆix ± iSˆiy, and Sˆiz
are given by
Sˆi∈A+ = (2S/N)
1/2
∑
k
e−ik·ri aˆk,
Sˆj∈B+ = (2S/N)
1/2
∑
k
e−ik·ri bˆ†k,
Si∈Az = S −N−1
∑
kk′
ei(k−k
′)·ri aˆ†kaˆk′ ,
Sj∈Bz = −S +N−1
∑
kk′
e−i(k−k
′)·rib†kbk′ , (10)
where aˆk and bˆk are the collective bosonic operators asso-
ciated to the sublattices A and B respectively, satisfying
the commutation relations
[
aˆk, aˆ
†
k′
]
=
[
bˆk, bˆ
†
k′
]
= δkk′ ,
[aˆk, aˆk′ ] =
[
aˆ†k, aˆ
†
k′
]
=
[
bˆk, bˆk′
]
=
[
bˆ†k, bˆ
†
k′
]
= 0. S is the
total spin per lattice site and N is the number of sites in
each sublattice. Using Eq. 10 and keeping only terms up
to two bosonic operators, HˆAFM is written in k-space as
HˆAFM = ~
∑
k
[A
2
aˆ†kaˆk +
B
2
bˆ†kbˆk + Ckaˆkbˆ−k
+D
(
aˆkaˆ−k + bˆkbˆ−k
)
+ h.c
]
. (11)
The coefficients A, B, Ck and D are given in terms of the
characteristic angular frequencies ωE = SJZ (with Z the
number of nearest neighbors), ω‖ = SK‖, ω⊥ = SK⊥,
and ωH = |γ|B0 as
A = (ωE + ω‖ + ω⊥
2
− ωH), (12)
B = (ωE + ω‖ + ω⊥
2
+ ωH),
Ck = ωE
Z
f(k, δ), D = ω⊥
4
,
where f(k, δ) =
∑
j e
−ik·δj , with the sum carried over
all nearest-neighbor vectors δj . For long wavelength
magnons Ck ∼ ωE .
In order to diagonalize the Hamiltonian, we use the
four-dimensional Bogoliubov transformation [34, 55]

αˆk
βˆ†−k
αˆ†−k
βˆk
 =

uα,a vα,b vα,a uα,b
v∗β,a u
∗
β,b u
∗
β,a v
∗
β,b
v∗α,a u
∗
α,b u
∗
α,a v
∗
α,b
uβ,a vβ,b vβ,a uβ,b


aˆk
bˆ†−k
aˆ†−k
bˆk
 , (13)
6where αˆk and βˆk are the destruction operators of the
bosonic magnon modes which satisfy [αˆk, HˆAFM] =
~ωαkαˆk and [βˆk, HˆAFM] = ~ωβkβˆk. These commutation
relations lead to an eigenvalue problem that, together
with the bosonic commutation rules for αˆk and βˆk, de-
termine the coefficients of (13) and the eigenfrequencies
ωα,β [55]. The diagonalized form of (11) is given by
HˆAFM = ~
∑
k
[
ωαkαˆ
†
kαˆk + ωβkβˆ
†
kβˆk
]
. (14)
B. Magneto-optical Hamiltonian for
Antiferromagnets
Here we present the details on the derivation of Eq.
(3) in the main. The starting point is the time-average
energy of the electromagnetic field on a magnetized ma-
terial [88]
HOM = 1
4
∫
d3r
∑
µ,ν
E∗µ(r)εµν(r)Eν(r),
where the integration is performed over all the cavity vol-
ume. We discretize the integral as a sum over all lattices
as
HOM = V
4N
∑
i
∑
µ,ν
E∗µ(ri)εµν(ri)Eν(ri), (15)
To first order in the spins, the permittivity tensor is given
by
εµν(ri) =
∑
ζ
KµνζS
i
ζ , (16)
with Kµνζ the magneto-optical coefficients which are
in general restricted by symmetry conditions. Further
terms can be included to describe second order magneto-
optical effects [58, 59], which we do not consider in this
work.
Following Ref. [58], we assume system with a rutile
crystal structure, where the two magnetic sublattices are
arranged in a body-centered cubic geometry. One of the
sublattices occupies the central sites, while the other oc-
cupies the corner sites. The components of the permit-
tivity tensor are then given in terms of three imaginary
constants K1, K2 and K3 [58], such that for sublattice A
K(A)yzx = −K(A)zyx = K1,
K(A)zxy = −K(A)xzy = K2,
K(A)xyz = −K(A)yxz = K3. (17)
Given the considered geometry, K(B)µνζ can be obtained
from K(A)µνζ by K
(B)
µνζ =
∑
µ′,ν′,ζ′ Rµµ′Rνν′Rζζ′K
(A)
µ′ν′ζ′
where R is the pi/2 rotation matrix relating the symme-
try of the sublattice A to the symmetry of the sublattice
B. Therefore, for sublattice B
K(B)yzx = −K(B)zyx = −K(A)xzy = K2,
K(B)zxy = −K(B)xzy = −K(A)zyx = K1,
K(B)xyz = −K(B)yxz = −K(A)yxz = K3. (18)
If the sublattices are equivalent, K1 = K2.
We are interested in the optomagnonic coupling Hamil-
tonian, which represents the coupling of an optical field to
the magnon excitations on top of the static ground state
spin configuration. In correspondence with the setup of
Section A, we assume that the Nèel equilibrium of the
AFM takes place along the ez direction. Therefore, to
first order in the magnon excitations, the coupling be-
tween light and the deviations from the magnetic equi-
librium is encoded in the terms ∝ Sx,y, which correspond
to scattering processes involving one magnon. We thus
do not consider the terms ∝ Sz, which would correspond
to higher order processes. Substituting (16), (17) and
(18) in (15), the optomagnonic Hamiltonian can be writ-
ten as
HOM = V
4N
∑
i∈A
[
K2 (E
∗
zEx − E∗xEz)Siy
−K1
(
E∗zEy − E∗yEz
)
Six
]
+
V
4N
∑
j∈B
[
K1 (E
∗
zEx − E∗xEz)Sjy
−K2
(
E∗zEy − E∗yEz
)
Sjx
]
,
which includes contributions from each sublattice. Defin-
ing K± = i(K1 ±K2)/4, we obtain Eq. (2) in the main
text. Quantizing it we obtain
HˆOM =K+V
4N
∑
β,γ
∑
s,s′
cˆ†β,scˆγ,s′
[
+
∑
i∈A,B
(
P i+βγ,ss′ Sˆ
i
− − P i−βγ,ss′ Sˆi+
)
+K
∑
i∈A
(
P i+βγ,ss′ Sˆ
i
+ − P i−βγ,ss′ Sˆi−
)
−K
∑
j∈B
(
P j+βγ,ss′ Sˆ
j
+ − P j−βγ,ss′ Sˆj−
) ]
,
where Eˆ(r, t) =
∑
γ,sEγs(r)cˆγ,s(t) (γ denotes the
mode indices and s the polarizations), P i±βγ,ss′ =
E∗βs,z(ri)Eγs′,±(ri) − E∗βs,∓(ri)Eγs′,z(ri), with Eβs,± =
Ex ± iEy, and K = K−/K+. For modes polarized in
the yz plane (as in Fig. 1 in the main text) P i+βγ,ss′ =
−P i−βγ,ss′ = Giβγ,ss′ , where the last equality defines the
7coefficients Giβγ,ss′ ≡ Gβγ,ss′(ri). Thus
HˆOM =K+V
4N
∑
βs,γs′
cˆ†β,scˆγ,s′
[
(19)
∑
i∈A,B
Giβγ,ss′
(
Sˆi− + Sˆ
i
+
)
+K
∑
i∈A
Giβγ,ss′
(
Sˆi+ + Sˆ
i
−
)
−K
∑
j∈B
Gjβγ,ss′
(
Sˆj+ + Sˆ
j
−
) ]
.
In general, the total coupling coefficients will be deter-
mined by taking the continuum limit of Eq. (19), such
that the sum over the lattice
∑
i,j
V
N is replaced by the
corresponding volume integrals. The total coupling will
therefore also depend on the degree of overlap of the cor-
responding optical and magnon modes [45].
We further specify the model by considering that only
one relevant cavity mode interacts with AFM magnons
with k = 0. Moreover, we assume for simplicity that
the cavity mode with polarization χ has a plane wave
profile Eχ(r) = i
√
~ωc
2εV e
ikc·reχ, where ε is the electric
permittivity of the material, V is the cavity volume, kc is
the wave vector of the mode, and eR(L) = (ey ∓ iez)/
√
2
denotes right and left circularly polarized modes. For
this case, using the Holstein-Primakoff approximation for
the spin operators (see Eq. 10), the Hamiltonian for the
right circular polarization component reads (from now on
aˆk=0 ≡ aˆ and bˆk=0 ≡ bˆ)
HˆRMO =− ~Gcˆ†RcˆR
[
aˆ† + bˆ+ aˆ+ bˆ†+
+K
(
aˆ− bˆ† + aˆ† − bˆ)] , (20)
with
G =
ωcK+
8ε
√
2S
N
. (21)
We notice that the integration over the plane wave fac-
tors gives a volume factor that cancels the volume depen-
dence on the denominator of the electric field modes. For
the left circular polarization component HˆLMO = −HˆRMO.
Since the system is diagonal in the R/L basis, we fur-
ther consider only one circular polarization component of
the optomagnonic Hamiltonian (R for definiteness) and
drop the index R of (20). We also notice that if the
two sublattices are equivalent and since we defined K1,2
via the expansion of the permittivity tensor in terms of
the spin in each lattice, see eq. (16), the relation of K+
to the Faraday rotation angle per length θF is given by
K = c
√
εθF/(ωcS) such that
GK−=0 =
cθF
4
√
ε
1√
2SN
, (22)
which is equivalent to the coupling in a ferromagnetically
ordered system [44].
In order to express the optomagnonic Hamiltonian in
terms of the magnon modes αˆ ≡ αˆk=0 and βˆ ≡ βˆk=0, we
use the inverse of the transformation (13): aˆ = ua,ααˆ +
ua,β βˆ+ va,ααˆ
†+ va,β βˆ† and bˆ = ub,ααˆ+ub,β βˆ+ vb,ααˆ†+
vb,β βˆ
†. Substituting these expressions in Eq. (20) we
obtain Eqs. (4) and (5) of the main text.
In the absence of hard axis anisotropy (ω⊥ = 0) the
non-vanishing Bogoliubov coefficients are independent of
the external magnetic field and given by [55]
ua,α = ub,β =
√
ωE + ω‖√
ω‖(2ωE + ω‖)
+ 1,
va,β = vb,α = −
√
ωE + ω‖√
ω‖(2ωE + ω‖)
− 1.
In the limit ω‖  ωE the couplings gα,β take the simple
form given in Eq. (8) of the main text.
In figure 5 we show the exact gα,β as a function of K
for ω⊥ = 0 and representative values of ω‖ (left plot)
and as a function of ωH for different values of K (right
plot). In the left plot, ω‖  ωE and we observe a linear
behavior with K, in agreement with Eq. (8) of the main
text.
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Figure 5. Couplings gα and gβ as a function of K for ω˜⊥ =
ω⊥/ωE = 0 (left plot) and as a function of ω˜H = ωH/ωE for
ω˜⊥ = 7.6× 0−4 (right plot). Continuous lines correspond to
gα and dotted lines to gβ .
C. Symmetry Considerations
1. Zero external magnetic field case (ωH = 0 and ω⊥ 6= 0 )
For zero external magnetic field, the antiferromag-
netic Hamiltonian is invariant under the transformation
aˆk ←→ bˆ−k, see Eqs. (11) and (12). For k = 0, this cor-
responds simply to swapping the sublattices A and B.
Under this transformation Sˆ : aˆ → bˆ , the Bogoliubov
modes read (remembering that for our case the Bogoli-
8ubov coefficients are all real)
αˆ′
βˆ′†
αˆ′†
βˆ′
 =
 uα,b vα,a vα,b uα,avβ,b uβ,a uβ,b vβ,avα,b uα,a uα,b vα,a
uβ,b vβ,a vβ,b uβ,a


aˆ
bˆ†
aˆ†
bˆ
 (23)
where the prime denotes the transformed modes. Since
(11) is invariant under Sˆ, the transformed Bogoliubov
modes fulfill
~
[
ωααˆ
′†αˆ′ + ωβ βˆ′†βˆ′
]
= ~
[
ωααˆ
†αˆ+ ωβ βˆ†βˆ
]
. (24)
Considering Eqs. (23) and (24), for non-degenerate
modes ωα 6= ωβ (this requires ω⊥ 6= 0) we obtain
the following conditions on the Bogoliubov coefficients:
uj,b = ±uj,a and vj,b = ±vj,a (for j = α, β). In our
case, αˆ (βˆ) corresponds to the antisymmetric (symmet-
ric) mode under the transformation:
uα,b = −uα,a = −Uα,
vα,b = −vα,a = −Vα,
uβ,b = uβ,a = Uβ ,
vβ,b = vβ,a = Vβ .
Therefore
αˆ
βˆ†
αˆ†
βˆ
 =
 Uα −Vα Vα −UαVβ Uβ Uβ VβVα −Uα Uα −Vα
Uβ Vβ Vβ Uβ


aˆ
bˆ†
aˆ†
bˆ
 ,
and the inverse transformation reads
aˆ
bˆ†
aˆ†
bˆ
 =
 Uα −Vβ −Vα UβVα Uβ −Uα −Vβ−Vα Uβ Uα −Vβ
−Uα −Vβ Vα Uβ


αˆ
βˆ†
αˆ†
βˆ
 , (25)
where we have used that 2
(|Uj |2 − |Vj |2) = 1. From
gj =
(
u+j + v
+
j
)
+K
(
u−j + v
−
j
)
we obtain
gα = 2K (Uα − Vα) ,
gβ = 2(Uβ − Vβ)
and hence for K = 0 the α-mode is decoupled from the
light, while the β-mode coupling is independent of K.
2. Easy axis AFM case (ω⊥ = 0)
In the absence of hard axis anisotropy, the Hamiltonian
9 is invariant under rotations around the ez axis and 11
reads (for k = 0, and ~ = 1)
HˆAFM = Aaˆ†aˆ+ Bbˆ†bˆ+ C
(
aˆbˆ+ aˆ†bˆ†
)
, (26)
A rotation by θ around the ez axis is given by Rˆ : Sˆ+ →
eiθSˆ+, thus at the level of the bosonic operators aˆ→ eiθaˆ
and bˆ→ e−iθ bˆ The Bogoliubov modes transform as
αˆ = eiθ
(
uα,aaˆ+ vα,bbˆ
†
)
+ e−iθ
(
uα,bbˆ+ vα,aaˆ
†
)
,
βˆ = eiθ
(
uβ,aaˆ+ vβ,bbˆ
†
)
+ e−iθ
(
uβ,bbˆ+ vβ,aaˆ
†
)
.
We conclude that, in order for HˆAFM = ωααˆ†αˆ+ ωβ βˆ†βˆ
to be invariant we have (for j = α, β) uj,a = vj,b = 0 or
uj,b = vj,a = 0. In our case, Rˆ: αˆ→ eiθαˆ and βˆ → e−iθβˆ,
thus fixing uα,a = Uα, vα,b = Vα, uβ,b = Uβ , vβ,a = Vβ
and uα,b = uβ,a = vα,a = vβ,b = 0. We can then write
HˆAFM in terms of the Bogoliubov coefficients (besides a
constant term) as
HˆAFM = (ωαU
2
α + ωβV
2
β )aˆ
†aˆ+ (ωβU2β + ωαV
2
α )bˆ
†bˆ
+ (ωαUαVα + ωβUβVβ)(aˆbˆ+ aˆ
†bˆ†). (27)
Comparing the above expression with (26) we have
ωαU
2
α + ωβV
2
β = A,
ωβU
2
β + ωαV
2
α = B,
and thus, using U2j − V 2j = 1
ωα − ωβ = A− B = −2ωH . (28)
To obtain further information on the form of the Bo-
goliubov coefficients we use the eigenvalue equations to
obtain
{
(A− ωα)Uα − CVα = 0,
CUα − (B + ωα)Vα = 0, (29){
−(A+ ωβ)Vβ + CUβ = 0,
−CVβ + (B − ωβ)Uβ = 0. (30)
Using (28) we can rearrange Eq. (30) into{
(A− ωα)Uβ − CVβ = 0,
CUβ − (B + ωα)Vβ = 0.
Comparing with (29) we conclude that Uβ = Uα = U
and Vβ = Vα = V . Finally we notice that since ωα =
−ωH + 12
√
(A+ B)2 − 4C2, A = −ωH +ωE+ω‖ and B =
ωH +ωE +ω‖, then A−ωα and B+ωα are independent
of ωH , and hence the Bogoliubov coefficients U and V
are independent of ωH . Therefore the couplings
gα = U − V +K (U + V ) , (31)
gβ = U − V −K(U + V )
are independent of the magnetic field for ω⊥ = 0 and
at K = 0 they have equal strength gα = gβ . In this
derivation the important fact was uα,b = uβ,a = vα,a =
vβ,b = 0, which is consequence of the invariance under
rotations around the ez axis.
93. Degenerate case ωH = ω⊥ = 0
For ωH = ω⊥ = 0, under Sˆ : aˆ→ bˆ we have SˆαˆSˆ−1 =
βˆ, and the diagonalized Hamiltonian Eq. (24) is invariant
since ωα = ωβ . This falls into the previous case and the
couplings gα,β are given by Eqs. (31).
Note that the Bogoliubov coefficients present a discon-
tinuity at ω⊥ = 0 and therefore also the gα,β . In partic-
ular, gα(ωH = 0,K = 0) = 0 for ω⊥ 6= 0 as we showed in
Subsection A, but it is finite for ω⊥ = 0, see Subsection
B and Eq. (8) in the main text.
D. Equations of motion for the control-probe
pump scheme
In this section we derive the cavity spectra of the an-
tiferromagnetic optomagnonic system by solving the lin-
earized quantum Langevin equations. The total Hamil-
tonian of the driven optomagnonic cavity, under the sim-
plifications of the previous sections, reads
Hˆ =~ωccˆ†cˆ+ ~ωααˆ†αˆ+ ~ωβ βˆ†βˆ
− ~Gcˆ†cˆ (gααˆ† + gββ† + h.c.)+ Hˆdrive.
The intracavity field is driven by input lasers
which can be described by the Hamiltonian
Hˆdrive = i~
√
ηκ
(
sin(t)cˆ
† − s∗in(t)cˆ
)
, where sin(t) =(
sde
−iωdt + spe−iωpt
)
is the amplitude of the drive
normalized to the input photon flux and ωd (ωp) is the
control (probe) laser frequency, with sd,p =
√
2Pd,p
~ωd,p
given in terms of the drive powers Pd,p. The total cavity
loss rate is denoted by κ = κ0 + κex. where κ0 denotes
the intrinsic loss rate and κex the external loss rate.
The dimensionless parameter η ≡ κex/(κ0 + κex), can
be continuously adjusted in experiments [89, 90]. In this
control-probe scheme, the control laser has a stronger
intensity than the probe laser sd  sp [48, 74, 91]. In a
frame rotating with the control laser frequency, the total
Hamiltonian reads
Hˆ =− ~∆cˆ†cˆ+ ~ωααˆ†αˆ+ ~ωβ βˆ†βˆ
− ~Gcˆ†cˆ (gααˆ† + gββ† + h.c.)
+ i~
√
ηκ
[(
sd + spe
−i(ωp−ωd)t
)
cˆ† − h.c.
]
,
where ∆ = ωd − ωc is the detuning between the cavity
and the control laser frequency. The Langevin equations
of motion for the operators αˆ, βˆ and cˆ are thus
˙ˆα = −
(
iωα +
Γα
2
)
αˆ+ iGgαcˆ
†cˆ+
√
Γααˆnoise(t),
˙ˆ
β = −
(
iωβ +
Γβ
2
)
βˆ + iGgβ cˆ
†cˆ+
√
Γβ βˆnoise(t),
˙ˆc =
(
i∆− κ
2
)
cˆ+ iGcˆ
[
gα
(
αˆ+ αˆ†
)
+ gβ
(
βˆ + βˆ†
)]
+
√
ηκsd +
√
(1− η)κcˆnoise(t),
with Γα,β is the intrinsic magnon damping rates which
we assume to be equal Γα = Γβ = Γ. We have dis-
regarded, for now, the effects of the weak probe pump
since sd  sp. Here and in what follows, the noise op-
erators describe random fluctuations of the system and
have vanishing expectation values [92]. We consider the
equations for the expectations values 〈αˆ〉, 〈βˆ〉 and 〈cˆ〉,
disregarding quantum fluctuations, such that for exam-
ple 〈cˆ†cˆ〉 = |〈cˆ〉|2. The steady state is obtained by setting
〈 ˙ˆc〉 ≡ ˙¯c = 0, 〈 ˙ˆα〉 = 0 and 〈 ˙ˆβ〉 = 0, such that
〈αˆ〉 = iGgα|c¯|
2
iωα +
Γ
2
,
〈βˆ〉 = iGgβ |c¯|
2
iωβ +
Γ
2
,
c¯ =
−√ηκsd
(i∆− κ2 ) + 2iG
(
gαRe[〈αˆ〉] + gβRe[〈βˆ〉]
) .
We linearize the dynamics of the system by consider-
ing the fluctuations over the steady state values αˆ(t) =
〈αˆ〉+ δαˆ(t), βˆ(t) = 〈βˆ〉+ δβˆ(t) and cˆ(t) = c¯+ δcˆ(t). Cor-
respondingly for the input field sin(t) = s¯+δsin(t), where
we identify s¯ = sd as the amplitude of the control field
due to sd  sp. The linearized Langevin equations for
the fields’ fluctuations read
δ ˙ˆα =−
(
iωα +
Γ
2
)
δαˆ+ iGgα(c¯δcˆ
† + c¯∗δcˆ)
+
√
Γδαˆnoise(t),
δ
˙ˆ
β =−
(
iωβ +
Γ
2
)
δβˆ + iGgβ(c¯δcˆ
† + c¯∗δcˆ)
+
√
Γδβˆnoise(t),
δ ˙ˆc =
(
i∆˜− κ
2
)
δcˆ+ iGc¯
(
gαδαˆ
† + gβδβˆ† + h.c.
)
+
√
ηκδsin(t) +
√
κδcˆnoise(t).
In these equations ∆˜ = ∆ + 2G(gαRe[〈αˆ〉] + gβRe[〈βˆ〉])
takes into account the cavity frequency shift due to the
coupling to the magnon modes.
Finally, we obtain the mode spectra via the Langevin
equations for the average values of the fluctuations in fre-
quency space. Defining the Fourier transform as δX[ω] =∫∞
−∞ dte
−iωt〈δXˆ(t)〉 for X = δα(†), δβ(†), δc(†) [93] the
Langevin equations read[
i(ωα − ω) + Γ
2
]
δα[ω] = iGgα (c¯δc
∗[−ω] + c¯∗δc[ω]) ,[
i(ωβ − ω) + Γ
2
]
δβ[ω] = iGgβ (c¯δc
∗[−ω] + c¯∗δc[ω]) ,[
−i(∆˜ + ω) + κ
2
]
δc[ω] = iGc¯
(
gα (δα
∗[−ω] + δα[ω])
+ gβ (δβ
∗[−ω] + δβ[ω])
)
+
√
ηκδsin[ω].
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The cavity spectrum is thus
δc[ω] =
(1 + F (ω))
√
ηκδsin[ω]
−i(∆˜ + ω) + κ2 − 2i∆˜F (ω)
,
where
F (ω) =
Σ(ω)
i(∆˜− ω) + κ2
,
with Σ(ω) the self-energy term given by
Σ (ω) = G2|c¯|2[
− g
2
α
i (ωα − ω) + Γ2
+
g2α
−i (ωα + ω) + Γ2
− g
2
β
i (ωβ − ω) + Γ2
+
g2β
−i (ωβ + ω) + Γ2
]
.
Since we are working in a rotating frame with the con-
trol laser, the frequency ω is the sideband shift of the
probe ωp from the control light frequency, ω = ωp − ωd.
In the following and in the main text we restrict our re-
sults to the resolved sideband regime case, ωα,β  κ).
For a red detuned control drive (∆˜ < 0), Stoke’s pro-
cesses are far off-resonance and the relevant resonance
is ∆˜ ≈ −ω ≈ −ωα,β . In this case we can approximate
F (ω) ∼ Σ(ω)/2i∆˜ and, if ∆˜  Σ(ω), then the cavity
spectrum is given by
δc∆˜<0[ω] =
√
ηκδsin[ω]
−i(∆˜ + ω) + κ2 − ΣAS(ω)
, (32)
where ΣAS = − G
2|c¯|2g2α
i(ωα−ω)+Γ/2 −
G2|c¯|2g2β
i(ωβ−ω)+Γ/2 . The
input-output boundary conditions δsout[ω] = δsin[ω] −√
ηκδc[ω] thus yield to the transmission amplitude t =
δsout[ω]/δsin[ω].
Analogously, by calculating the self energy term of the
magnon mode j, Σ˜j [ω] (j = α, β), we can obtain the
corresponding linewidth Γ˜j = Γ + 2Re[Σ˜j ] and frequency
shift δωj = Im[Σ˜j ]. The magnon self energy is given
explicitly by (for k 6= j, and omitting the dependences
on ω)
Σ˜j [ω] = −ξj(1 +Xj) + ξjkXk
− ξjXj + ξjk(Xk + 1)
χ−1j − ξj(1 +Xj) + ξjkXk
(ξkXk + ξjk(1 +Xj)) ,
(33)
with
ξj [ω] = G
2|c¯|2g2j
[
1
i(∆˜− ω) + κ2
− 1−i(∆˜ + ω) + κ2
]
,
ξjk[ω] =
√
ξj [ω]ξk[ω],
χj [ω] =
[
i(ωj − ω) + Γ
2
]−1
,
Xj [ω] = −
[
χ∗j [−ω] + ξj [ω]−
ξjk[ω]
χ∗k[−ω] + ξk[ω]
]−1
× ξj [ω]
[
ξk
χ∗k[−ω] + ξk
− 1
]
.
E. Cavity-induced magnon-magnon interactions
The full self-energy expression (33) includes contribu-
tions due to bare Stokes and anti-Stokes processes in-
volving the magnon mode and the cavity mode, as one
can see directly in the terms ξj , as well as contributions
due to indirect magnon-magnon interactions mediated
by the cavity. The effects of these different terms are
not immediately clear from (33), thus, we now consider
a framework to understand the effects of each contribu-
tion of the self-energy by comparing the full expression
(33) with the magnon self-energy obtained by consider-
ing a fixed detuning and performing the rotating wave
approximation. Let’s consider that the control laser is
red-detuned (the same procedure applies to the blue de-
tuning regime with equivalent conclusions). Employing
the rotating wave approximation we obtain the following
equations of motion
δ ˙ˆα =−
(
iωα +
Γ
2
)
δαˆ+ iGgαc¯
∗δcˆ
+
√
Γδαˆnoise(t),
δ
˙ˆ
β =−
(
iωβ +
Γ
2
)
δβˆ + iGgβ c¯
∗δcˆ
+
√
Γδβˆnoise(t),
δ ˙ˆc =
(
i∆˜− κ
2
)
δcˆ+ iGc¯
(
gαδαˆ+ gβδβˆ
)
+
√
ηκδsin(t) +
√
κδcˆnoise(t).
In contrast to the full equations of motion, the above sys-
tem of equations does not include terms ∝ δα†, δβ†, δc†,
since for a red-detuned control laser those are counter-
rotating terms. From now own we also assume that
c¯∗ = c¯ and G∗ = G. By following the same procedure
leading to (33), i.e. consider the frequency domain sys-
tem of equations for the average values of the operators,
we obtain the rotating wave approximation self-energy of
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the magnon mode j = α, β, Σ˜RWj [ω]:
Σ˜RWj [ω] = Σ˜
Bare
j [ω] + Σ˜
MM
j [ω],
Σ˜Barej [ω] =
G2c¯2g2j
−i
(
∆˜ + ω
)
+ κ2
,
Σ˜MMj [ω] = −
G4c¯4g2j g
2
k[
−i
(
∆˜ + ω
)
+ κ2
]2 (
χk[ω] + Σ˜Barek [ω]
) ,
(34)
with j 6= k. In the self-energy Σ˜RWj [ω], the first term
Σ˜Barej [ω] describes the effects of the anti-Stokes processes
converting a magnon j into a cavity photon, while the
second term Σ˜MMj [ω] is associated with the magnon-
magnon interactions mediated by a cavity photon.
In this scenario (red detuned control light), the
counter-rotating contribution to the self energy Σ˜CRj [ω]
can be obtained as the difference between Σ˜RWj [ω] and
the full self-energy term (33):
Σ˜CRj [ω] = Σ˜j [ω]− Σ˜RWj [ω]. (35)
This term includes all counter-rotating contributions
due to Stokes process and the induced counter-rotating
magnon-magnon interactions generated by them. We can
now define the decay rates and frequency shifts associated
with each of those terms (A = Bare, MM, CR):
Γ˜A[ω] = 2Re
[
Σ˜A[ω]
]
,
δωAj [ω] = Im
[
Σ˜A[ω]
]
.
(36)
We show in Figure 6 Γ˜Bare[ω], Γ˜MM[ω] and Γ˜CR[ω] for
the α mode and same parameters as in Figure 3 of the
main text for (a) the main plot and (b) the inset. We see
that in the case (a), in which the magnon frequencies are
closer than the effective decay rate (the near degenerate
case), both magnon-magnon interactions (green curve)
and counter-rotating terms (blue curve) contribute sub-
stantially to the decay rate. In particular the contribu-
tion due to magnon-magnon indirect interactions is as
important as the bare term. The importance of those
terms depends on the strength of the coupling, the close-
ness of the magnon modes and the cavity decay rate,
and these are also related to the formation of hybrid
modes between the cavity and the magnon modes (see
[76–78]). The combination of those three terms gives the
unusual behavior depicted in the Figure 3 of the main
text. In case (b) the frequencies are well separated and
both magnon-magnon indirect interactions and counter-
rotating terms have a small contribution to the overall
decay rate.
Finally, we notice that under the same assumptions
leading to (32), (33) is given by
Σ˜j [ω] ≈
G2|c¯|2g2j
−i(∆˜ + ω) + κ2
,
(a) (b)
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Figure 6. Contribution from each term of the magnon self
energy (34) and (35) in the red-detuning regime. Parameters
as in Figure 3 of the main text for (a) the main figure and (b)
the inset. In the inset we show the full magnon decay rate.
which corresponds to the bare self energy term in (34).
In this case the magnon linewidth and frequency shift are
given by
δωj [ω] ≈
G2|c¯|2g2j (∆˜ + ω)
(∆˜ + ω)2 + κ
2
4
,
Γ˜j ≈ Γ +
G2|c¯|2g2jκ
(∆˜ + ω)2 + κ
2
4
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